The effects of altered thyroid states on lipid peroxidation, antioxidant capacity, and susceptibility to oxidative stress of rat tissues were examined. Hypothyroidism was induced by administering methimazole in drinking water for 15 days. Hyperthyroidism was elicited by a 10-day treatment of hypothyroid rats with tri-iodothyronine (10 µg/100 g body weight). In tissues of hypothyroid rats the lipid peroxidation was not modified, whereas in hyperthyroid rats lipid peroxidation increased in liver and heart but not in skeletal muscle. The glutathione peroxidase activity increased significantly in heart and muscle of hypothyroid rats and in muscle of hyperthyroid rats. The glutathione reductase activity was not modified in tissues of hypothyroid and hyperthyroid rats. In both rat groups the whole antioxidant capacity of tissues decreased, but significantly only in liver and heart. The results obtained studying the response to oxidative stress in vitro indicated that the susceptibility to oxidative challenge was increased in all tissues of hyperthyroid rats and in heart and muscle of hypothyroid animals. These results are explainable in terms of tissue variations in haemoprotein content and/or of antioxidant capacity. Since it has been reported that hypothyroidism offers in vivo protection against free radical damage, we suggest that such an effect could be due to greater effectiveness of cellular defence systems different from antioxidant ones.
Introduction
Acceleration of the basal metabolic rate and the energy metabolism of tissues in several mammalian species represents one of the major functions of thyroid hormones (Schwartz & Oppenheimer 1978) . Accumulating evidence has suggested that the hypermetabolic state in hyperthyroidism is associated with increases in free radical production and lipid peroxide levels (Fernández et al. 1985 , Asayama et al. 1987 , whereas the hypometabolic state induced by hypothyroidism is associated with a decrease in free radical production (Swaroop & Ramasarma 1985) and in lipid peroxidation products (Paller 1986) . However, it is not clear whether thyroid hormoneinduced increase in lipid peroxidation is confined to some tissues. Zaiton et al. (1993) found such an increase in slow oxidative but not in fast glycolytic muscle of the cat. Asayama et al. (1987) found it in heart and slow oxidative muscle (soleus) but not in fast glycolytic muscle and liver of the rat. On the contrary, significant increase of lipid peroxidation was found by Fernández et al. (1985) in the liver of hyperthyroid rats. Also the response of the antioxidant systems to both hypothyroidism and hyperthyroidism is unclear. The changes in the levels of the scavengers -tocopherol (Neradilová et al. 1973 , Mano et al. 1995 , glutathione (Fernández et al. 1988 , Morini et al. 1991 and coenzyme Q (Mano et al. 1995) , and activities of antioxidant enzymes (Asayama et al. 1987) in various tissues were found to be imbalanced and often opposite. Furthermore, there is disagreement on the effect of hyperthyroidism on liver levels of glutathione peroxidase, which has been reported to both decrease (Asayama et al. 1987) and increase (Morini et al. 1991) . On the other hand, the variety of substances capable of scavenging the different species of free radicals, and the complexity of the intracellular network of various antioxidants make difficult an understanding of the overall protective efficacy of the cellular defence system.
In the present work, we evaluated the extent of peroxidative processes in liver, heart and skeletal muscle (gastrocnemius) of rats in different thyroid states, by using as indices the tissue levels of malondialdehyde (MDA) and hydroperoxides (HPs). The effects of an altered thyroid state on antioxidant defences and susceptibility to oxidative challenge were also assessed. For this purpose, the activities of glutathione peroxidase and glutathione reductase, the vitamin E content, the overall antioxidant capacity and the response to oxidative stress in vitro of the tissues were determined.
Materials and Methods

Animals
Male Wistar rats (60 days old) were used in the experiments. From day 45, animals were randomly assigned to one of three groups: euthyroid, hypothyroid, and hyperthyroid. Hypothyroidism was induced by administering methimazole (MMI) in drinking water (0·02% w/v) for 15 days. Hyperthyroidism was elicited by daily i.p. injections of tri-iodothyronine (T 3 ) (10 µg/100 g body weight) for 10 days in MMI-treated rats. These doses of MMI and T 3 are able to block the thyroid (Silva & Matthews 1984) and induce mild hyperthyroidism in hypothyroid rats (Di Meo et al. 1994) , respectively. All animals were kept under the same environmental conditions, i.e. at a room temperature of 24 1 C, with an artificial lighting cycle (lights on 0800-2000 h), and were fed the same standard diet. Daily dietary intake was similar for euthyroid and hyperthyroid rats (about 20 g) and lower for hypothyroid rats (about 15 g).
Tissue preparation
The animals were killed by decapitation under ether anaesthesia. Livers, hearts, and muscles (gastrocnemius) were rapidly excised and placed into Petri dishes containing ice-cold isolation medium (IM) consisting of 125 m KCl, 15 m Tris, pH 7·4. The heart great vessels and valves were trimmed away and the ventricles and atria were cut open and rinsed free of blood. Muscles and livers were freed from connective tissue. After the tissues were weighed, 20% homogenates were prepared with a PotterElvehjem homogenizer set at a standard velocity (500 r.p.m.) for 2 min in IM. Tissue homogenates were used for analytical procedures.
Analytical procedures
All chemicals used (Sigma Chimica, Milan, Italy) were of the highest grades available. The extent of the peroxidative reactions was determined by measuring MDA and HPs in tissue homogenates. MDA was measured by the thiobarbituric acid method (Buege & Aust 1978) and HPs were measured according to Heath and Tappel (1976) . Glutathione peroxidase (GPX) activity was assayed at 37 C according to Flohé and Günzler (1984) , with H 2 O 2 as substrate. This assay measures the selenium-dependent GPX activity. Glutathione reductase (GR) activity was measured at 30 C according to Carlberg and Mannervik (1985) . The vitamin E content was determined using HPLC (Lang et al. 1986) .
The antioxidant capacity and the response to oxidative stress of tissues were determined by using reagents and instrumentation of the commercially available Amerlite System (Johnson & Johnson, Cinesello Balsamo, Italy).
Response to oxidative stress was determined as previously described (Di Meo et al. 1995) . In brief, samples of 10% (w/v) homogenates were obtained by diluting the 20% homogenates with equal volumes of 0·2% Lubrol in 15 m Tris, pH 8·5. Several dilutions of samples up to a tissue concentration of 0·002% were prepared with 15 m Tris, pH 8·5. The assays were performed in microtitre plates. Enhanced chemiluminescent reactions were initiated by addition of 250 µl of reaction mixture to 25 µl of the samples. The reaction mixture was obtained by dissolving a tablet containing substrate and signal generating reagents (Amerlite Signal Reagent Tablets) in buffer at pH 8·6 (Amerlite Signal Reagent Buffer). The plates were incubated at 37 C for 30 s under shaking and then transferred to a luminescence analyser (Amerlite Analiser).
The emission values were used to fit dose-response curves using Fig.P Program (Biosoft, Cambridge, UK). Determination of the overall antioxidant capacity (C A ) was performed according to the method of Venditti et al. (1995) . In this method the ability of the 10% homogenates (w/v) in 0·1% Lubrol to quench the light emission from a peroxidase-induced luminescent reaction was compared with that of antioxidant solutions. Because the more reproducible results were obtained by using desferrioxamine as antioxidant (Venditti et al. 1995) , in this study the activity scale was obtained with such a substance and the overall antioxidant capacity of tissue homogenate was expressed as an equivalent concentration of desferrioxamine.
Statistical analysis
All results are expressed as the mean ... Data were analysed with a one-way ANOVA. When a significant F ratio was found, Student-Newmann-Keuls multiple range test was used to assess the differences among group means. P<0·05 was considered significant. In Fig. 1 the results of the experiments are presented as sample curves.
Results
The thyroid state of different groups of the animals was characterized by the physiological data reported in Table 1 . The values indicate the effectiveness of both MMI and T 3 administration.
Lipid peroxidation
In all tissues of hypothyroid rats, the MDA levels did not differ significantly from euthyroid values. In liver and heart of hyperthyroid rats, MDA levels were significantly increased compared with the hypothyroid and euthyroid values, while in gastrocnemius muscle they were only higher than hypothyroid values (Table 2) . Similar results were obtained for HPs. However, in the muscle of hyperthyroid rats HPs levels were higher than both euthyroid and hypothyroid values.
Antioxidant enzymes activities, vitamin E levels and whole antioxidant concentration
The activities of both GPX and GR in gastrocnemius muscle of euthyroid rats were approximately one-third of those in heart and one-tenth of those in liver (Table 3) . The GPX activity increased significantly in heart and muscle, and was unaltered in liver of hypothyroid rats. Moreover, it increased in muscle and was unaltered in the other tissues of hyperthyroid rats. The GR activity, on the contrary, was unaltered in all tissues of both hypothyroid and hyperthyroid rats.
Vitamin E levels in the liver decreased in hypothyroidism and returned to the euthyroid values in hyperthyroidism. In heart, the vitamin E content was higher in hyperthyroid rats compared with euthyroid and hypothyroid rats. In the skeletal muscle the amount of vitamin E was not significantly affected by the thyroid state. 
GPX, glutathione peroxidase ( mol NADPH/min per g tissue); GR, glutathione reductase ( mol NADPH/min per g tissue); Vit E, vitamin E (nmol/g tissue); C A , antioxidant capacity (expressed as mmol/l desferrioxamine). *Significant (P<0·05) versus euthyroid rats; §significant (P<0·05) versus hypothyroid rats.
The overall antioxidant levels decreased in all tissues of both hypothyroid and hyperthyroid animals, but only the values of liver and heart were significantly different from euthyroid ones (Table 3) .
Response of tissue homogenates to oxidative stress in vitro
The luminescence response to changes of concentration obtained for the tissue homogenates from euthyroid rats (Fig. 1 ) exhibited characteristics analogous to those shown in previous studies (Di Meo et al. 1995 Meo et al. , 1996 . The relation between light emission and homogenate concentration can be described by the equation: E=a · C/ exp(b · C). In this equation a depends on the concentration of substances inducing the luminescence reaction, such as the cytochromes, and b, the inverse of the homogenate concentration related to the emission maximum, depends on the concentration of tissue antioxidants. For all tissues of hypothyroid rats the emission curves did not change. Conversely, for hyperthyroid preparations the concentration-emission curves, although similar in shape, were characterized by higher emission values. Examination of the parameters characterizing light emission (Table 4) shows that the change induced by altered thyroid state in the parameter b exhibits a fairly good correlation with those of C A . However, the differences in the doseresponse curves, and particularly those in the emission peak (E max =a/e · b), depend mainly on the changes in the a value and in smaller amount on the changes in b value.
Discussion
A considerable body of evidence now exists attesting the involvement of uncontrolled oxidative activity as a general mechanism of tissue damage in a variety of pathological The relation between light emission and homogenate concentration is described by the equation: E=a · C/exp(b · C). E max =a/e · b (emission maximum). *Significant (P<0·05) versus euthyroid rats; §significant (P<0·05) versus hypothyroid rats.
conditions (Halliwell & Gutteridge 1990 ). In particular, it has been suggested that the increase in reactive oxygen species induced by thyroid hormone leads to an oxidative stress condition in liver (Fernández & Videla 1989) and in cardiac and some skeletal muscles (Asayama & Kato 1990 ) with a consequent lipid peroxidative response. Although the pathophysiological consequences of the accelerated lipid peroxidation are not yet fully elucidated, this biochemical change is thought to be responsible for some complications of hyperthyroidism. However, it is still to be determined whether the various target tissues of thyroid hormone undergo other biochemical changes that either predispose to free radical-mediated injury, or oppose it. Because the hormonal effect on lipid peroxidation has been the subject of investigation in some laboratories, but with contrasting results, we have firstly investigated lipid peroxidation to verify whether it is affected in liver, heart and skeletal muscle by an altered thyroid state. Our results show a general lack of significant changes in levels of lipid peroxidation in tissues of hypothyroid rats and a significant increase in liver and heart, but not gastrocnemius muscle, of hyperthyroid animals. These results cannot be explained only by the changes in the cellular respiration of target tissues associated with the changes in thyroid state. The reactive oxygen species, which can be initiators of free radical chain reactions leading to oxidative damage to biomembrane lipids and other structures are generated in various subcellular sites (Boveris & Chance 1973 , Bartoli et al 1977 , Chance et al. 1979 . However, the mitochondria utilize most of the oxygen consumed by a mammal and partially reduce 2% of it by electrons which leak from two sites in the respiratory chain (Boveris & Cadenas 1975 , Turrens & Boveris 1980 ).
One of the major effects of thyroid hormone is to increase mitochondrial respiration (Roodyn et al. 1965 , Nishiki et al. 1978 by many complex changes in the number and activity of mitochondrial respiratory chain components. Accelerated mitochondrial electron transport, brought about by a thyroid hormone-induced hypermetabolic state, results in the increased generation of superoxide at the site of ubiquinone (Turrens et al. 1985) . Superoxide radical can lead to the formation of many other reactive species, including hydroxyl radicals, which can readily start the free radical process of lipid peroxidation (Chance et al. 1979) .
On the other hand, the metabolic suppression brought about by hypothyroidism should give rise to opposite changes. As alterations in antioxidant capacity may play an important role in influencing tissue susceptibility to peroxidative processes, our results could be attributed to modifications in antioxidant defence systems of the tissues. The changes in vitamin E content reported in this paper agree with those found by other authors (Neradilová et al. 1973 , Mano et al. 1995 . In contrast, the results concerning the antioxidant enzymes differ from those of both Asayama et al. (1987) , who found decreased GPX activity in all tissues of hyperthyroid rats, and Morini et al. (1991) , who found that GPX and GR activities were significantly stimulated in the liver of hyperthyroid rats.
We are not able to supply an explanation for the differences between our and the aforementioned data. One possibility is that the hormonal dosage administered by Asayama et al. (1987) (0·0012% thyroxine in drinking water) and Morini et al. (1991) (30 µg T 3 /100 g body weight) had induced a thyrotoxic state in the rats. However, our results indicate that the lipid peroxidation in tissues of rats in altered thyroid states is not related to activities of the two enzymes and levels of vitamin E. On the other hand, the cells contain a variety of substances capable of scavenging the free radicals. Moreover, even the determination of the concentration of all substances with scavenger activity should supply only a partial evaluation of protective efficacy of the antioxidant defence system of a tissue. It, in fact, depends in great part on a complex and scarcely understood network which works for coordination and integration of the function of the various antioxidants. Therefore, for the evaluation of the tissue antioxidant status in different thyroid states, we have used a method able to determine the overall antioxidant capacity (Venditti et al. 1995) . The results obtained with such a method show that in all tissues the antioxidant levels are higher in euthyroid than in both hypothyroid and hyperthyroid rats, although in muscle the differences are not significant. Therefore, the changes in the individual components of the tissue antioxidant defence systems are such as to substantially reduce the global efficacy of such systems in both hypothyroidism and hyperthyroidism. This, in hypothyroidism, should compensate for the decrease of oxygen consumption and correlated free radical production, resulting in an unmodified lipid peroxidation. In hyperthyroid liver and heart, the reduction of the antioxidant levels should potentiate the effect of the increased free radical production, resulting in an enhancement of lipid peroxidation. In the muscle, on the contrary, the antioxidant defences should still be sufficient to challenge the excess free radical formation.
An interesting question is the relevance of the modified antioxidant defences of the tissues to their susceptibility to oxidative challenge. We have used the oxidative changes resulting from the exposure of tissue homogenates to in vitro oxidative stress as a model of alterations occurring under physiopathological conditions which lead to increased in vivo production of free radicals.
In our system, the extent of the oxidative changes is evaluated by the levels of pro-oxidant-induced light emission from a luminescent reaction. Our results indicate that susceptibility of tissues to oxidative challenge in both hypothyroid and hyperthyroid states is generally higher than in the euthyroid (Fig. 1) . Only in liver from hypothyroid and euthyroid rats is the response to oxidative stress equal. The results obtained for hypothyroid animals depend essentially on the lower b value, due to decreased Thyroid state and antioxidants · P VENDITTI and others 155 tissue antioxidant capacity, which is compensated in liver with lower a value, due to decreased haemoprotein content. On the contrary, the results obtained for hyperthyroid rats depend on both lower b value and higher a value. The changes of the a values found in liver and heart are consistent enough with the effect of thyroid state on cytochrome content of the tissues as deduced by cytochrome content in mitochondria and mitochondrial protein content in liver (Jakovcic et al. 1978 , Horrum et al. 1985 , Iossa et al. 1991 , and heart (de Martino et al. 1988 , Di Meo et al. 1992 . A comparison of our results concerning skeletal muscle with previous data is not possible, as reports of a decreased cytochrome content in muscles from hypothyroid rats (Bouhnik et al. 1975) , and of increased content in muscles from hyperthyroid rats (Winder & Holloszy 1977) are available, whereas data on changes in protein content are lacking.
Relatively recently it has been suggested that hyperthyroid state-induced biochemical changes predispose muscular tissues (Asayama et al. 1987) and liver (Fernández et al. 1988) to free radical-mediated injury. Moreover, the hypothyroidism is thought to protect tissues against free radical damage (Asayama & Kato 1990) , although this has been shown only in ischaemic renal failure (Paller 1986) . The poor susceptibility of hypothyroid tissues to oxidative stress does not seem to be supported by the results obtained in the present study. However, it is necessary to realize that, besides possible tissue-dependent differences, a pattern noted under in vitro conditions is not necessarily found in vivo. In effect, in order to cope with stressors arising from both internal and external sources which attempt their homeostasis, the cells possess various defence mechanisms. One of these systems, also known to metabolize several toxic agents damaging the cells by a free radical mechanism, is the so-called P-450-mediated monooxygenase system. Experimental evidence indicates that although the activity of some drug-metabolizing enzymes is decreased (Rumbaugh et al. 1978) , the microsomal content of P-450 is increased in liver of hypothyroid rats (Goudonnet et al. 1988) . It is, therefore, possible that in hypothyroidism the plasma half-life of some xenobiotics, acting as pro-oxidants, is reduced, as well as their damaging action on the tissues. This aspect is currently under study in our laboratory.
Effects of thyroid hormone on coenzyme Q and other free radical scavengers in rat heart muscle. 
